The sterol, 4,4-dimethyl-5␣-cholesta-8,14,24-trien-3␤-ol (FF-MAS), isolated from human follicular fluid, can induce resumption of meiosis in denuded and cumulus-enclosed mouse oocytes inhibited by hypoxanthine, IBMX, or dibutyric cyclic adenosine monophosphate. In this study the distribution of FF-MAS binding sites in denuded oocytes and in cumulus-oocyte complexes (COCs) was studied using light microscopic (LM) and transmission electron microscopic (TEM) autoradiography in marmoset, cow, and mouse oocytes. Denuded (n ‫؍‬ 39) and cumulus-enclosed (n ‫؍‬ 28) marmoset, cow, and mouse oocytes were cultured in the presence of [ 
INTRODUCTION
Mammalian oocytes are arrested at prophase of first meiotic division in the ovary from fetal life to puberty, after which the resumption of meiosis in vivo occurs in response to the preovulatory surge of gonadotropins, in particular LH [1, 2] . In vitro, the simple removal of oocytes from their inhibitory environment induces spontaneous resumption of meiosis in most mammals [3, 4] . The mechanisms by which the oocyte is arrested and later on recruited to resume meiosis in the follicle are far from fully understood in spite of extensive research in this field, but data suggest that more than one mechanism may be involved.
The follicular fluid contains purines (e.g., hypoxanthine) that are considered to be one of the inhibitory substances of oocyte maturation, at least in rodent oocytes [5] [6] [7] , whereas in cattle, hypoxanthine only transiently inhibits in vitro maturation [8] . Gap junctions connecting the oocyte with the surrounding cumulus cells within the follicle allow the transfer of substances from somatic cells to the germ cell.
Several authors have reported evidence that the cumulus cells can produce a gonadotropin-dependent positive stimulus to meiotic resumption [9] [10] [11] and, in human preovulatory follicle fluid, a meiosis-activating sterol (FF-MAS) has been discovered, which can induce resumption of meiosis in denuded and cumulus-enclosed mouse oocytes [12] . It has been suggested by Byskov et al. [12] that certain sterols accumulate in the follicular fluid after FSH stimulation of granulosa cells and that these sterols play a crucial role in the resumption of meiosis. Later it has been demonstrated that FSH stimulates cumulus cells to produce and secrete a heat-stable meiosis-activating substance when the connection between oocyte and cumulus cells is intact, and this substance was suggested to be FF-MAS [11] . The synthetic sterol, 4,4-dimethyl-5␣-cholesta-8,14,24-trien-3␤-ol, which is identical to the sterol isolated from human follicular fluid, can in a dose-dependent manner induce resumption of meiosis in denuded and cumulus-enclosed mouse oocytes inhibited by hypoxanthine, 3-isobutyl-1-methylxanthine (IBMX), or dibutyric cyclic adenosine-monophosphate (dbcAMP) [13] . In cumulus-enclosed cow oocytes, FF-MAS can in a dose-dependent manner overcome meiotic arrest by IBMX, (personal communication with Avery et al.). The fact that it is possible to stimulate oocytes to resume meiosis by FF-MAS may infer that receptors for FF-MAS are present in the oocyte, the cumulus cells, or both. In the present study we have investigated the distribution of FF-MAS binding sites by using light microscopic (LM) and transmission electron microscopic (TEM) autoradiography in denuded and cumulus-enclosed marmoset, cow, and mouse oocytes. Figure 1 . The raw product was purified on SP-HPLC. The radiochemical purity was higher than 98% and the radioligand was stored in ethanol. 
MATERIALS AND METHODS

Synthesis
Oocyte Collection
Marmosets. A colony of marmosets (Callithrix jaccus), destined for euthanasia for other reasons than this study, was utilized in this experiment. Heparin-stabilized blood samples collected from the femoral vein of four marmosets were analyzed the same day for progesterone level using a commercial progesterone kit (Ovucheck Plasma; Vétoquin-ol, Lure Cedex, France). The principle of the assay is based on the competitive binding of unlabeled progesterone present in the standard or sample, and a fixed quantity of progesterone labeled with the enzyme alkaline phosphatase, to binding sites on a limited amount of specific progesterone antibody. The detection limit was 0.5 ng/ml and the intraassay and inter-assay coefficient variation was Ͻ8%. Marmosets having a progesterone level of 10 ng/ml or above were subjected to a single i.m. injection of 0.5 g of cloprostenol (Estrumat Vet; Essex Animal Health, Frisoythe, Germany) to induce luteolysis. Cloprostenol was diluted in 0.9% saline on the day of use and injected in a volume of 0.1 ml. At Day 4 or 5 after cloprostenol injection the marmosets were anesthetized and, after surgical removal of the ovaries, the marmosets were killed. The ovaries were placed in 35ЊC-36ЊC maturation medium (see below) and the oocytes were recovered by mechanical puncture of the follicles and washed three times in maturation medium. The maturation medium was TCM-199 with Earls salts (Gibco, Copenhagen, Denmark) supplemented with 0.8% human serum albumin (HSA; Danish Serum Institute, Copenhagen, Denmark) and 0.5 mM sodium pyruvate (P-3662; Sigma, Copenhagen, Denmark). For experiments with denuded oocytes, COCs were mechanically stripped with a glass pipette. Subsequently, cumulus-enclosed and denuded oocytes were allocated to the respective treatments. From ovary extirpation to initiation of in vitro culture, 2 h at most passed.
Cattle. Bovine ovaries were obtained from abattoir material and transported to the laboratory at 35ЊC in 0.9% NaCl. The COCs were aspirated from follicles 2-5 mm in diameter by a vacuum pump (type N75KN18; KNF Miniport, Neuberger, Germany) with an 18-gauge needle into 50-ml plastic tubes (Nunc, Roskilde, Denmark) containing 3 ml Hepes-buffered basic medium-3 (HBM-3) [15] [16] [17] with 1 mg/ml polyvinyl alcohol (P-8136; Sigma), 50 g/ ml gentamycin sulphate (G-12644; Sigma), and 20 U/ml heparin (H-3149; Sigma). COCs were isolated from the pellet and washed three times in HBM-3 without heparin and once in maturation medium. For experiments with denuded oocytes, COCs were stripped by 4 min of vortex agitation.
Mice. Oocytes were obtained from immature female mice (C57BL/6J ϫ DBA/2J F1; M & B, Ry, Denmark) weighing 11-17 g, kept in controlled temperature, light, and relative humidity. The mice were subjected to i.p. injections of 0.2 ml gonadotropins (Gonal F; Serono, Randolph, ME) containing 20 IU FSH, and were killed by cer- vical dislocation 48 h later. After removal of ovaries, oocytes were recovered by manual puncture of the follicles into Petri dishes under a stereomicroscope in ␣-minimum essential medium (␣-MEM without ribonucleosides, 22561; Gibco BRL, Grand Island, NY) supplemented with 3 mg/ ml HSA, 0.23 mM sodium pyruvate (S-8636; Sigma-Aldrich Ltd., Irvine, UK), 2 mM glutamine (16-801-49; ICN Biochemicals Inc., Costa Mesa, CA), 100 IU/ml penicillin, and 100 g/ml streptomycin (16-700-49 ICN Biochemicals) with 3 mM hypoxanthine (H-9377; Sigma-Aldrich Chemie Gmbh, Steinheim, Germany). For in vitro maturation, the medium described above was supplemented with additional 5 mg/ml HSA to a total HSA concentration of 8 mg/ml (0.8%). After mechanical removal of cumulus cells the denuded oocytes were pooled together and washed three times. Spherical oocytes of uniform size containing an intact germinal vesicle were allocated to treatment groups (see below).
Experimental Design
Marmosets. Denuded oocytes (n ϭ 10) or COCs (n ϭ 10) were allocated to maturation medium containing one of the following treatments: 1) 0. ducing activity before labeling in a standard oocyte assay. The higher concentration of unlabeled FF-MAS used in this experiment compared with the cow and mouse experiments was used to elucidate whether the ratio of 3 H-labeled and unlabeled FF-MAS influenced the quantity of the specific binding of FF-MAS.
Cattle. Denuded oocytes (n ϭ 10) and COCs (n ϭ 10) were allocated to maturation medium containing one of the following treatments:
Mice. Denuded oocytes (n ϭ 19) were allocated to maturation medium containing one of the following treatments:
Amersham, Copenhagen, Denmark, 1.06 mCi/ml and 4.9 Ci/mmol), 4) 0.5 M [ 3 H]cholesterol ϩ 50 M unlabeled FF-MAS. COCs (n ϭ 8) were allocated to treatments 1 and 2. The treatment of denuded mouse oocytes with [ 3 H]cholesterol in treatments 3 and 4 served as a control for the specificity of the displacing effect of excessive unlabeled FF-MAS. Cholesterol was chosen because its molecular structure is very similar to that of FF-MAS and because FF-MAS occurs naturally as a precursor for cholesterol in the sterol biosynthesis pathway.
Procedure for LM and TEM Autoradiography
After allocation to the respective treatments, oocytes were cultured in vitro at 37ЊC in 5% CO 2 in humidified air for 2 h and subsequently washed three times in 4ЊC 10 mM Tris buffer containing 1.5 mM EGTA and 10% glycerol (pH 7.4). Oocytes were washed three times in 0.1 M PBS, fixed for 1 h in 3% glutaraldehyde in 0.1 M PBS (pH 7.2) at 4ЊC, embedded in 4% agar, postfixed for 1 h in 1% OsO 4 , and stained with 0.5% uranyl acetate. After dehydration in a graded series of ethanol, the oocytes were transferred to propylene oxide and embedded in Epon, and serially semithin sectioned (1 m) on a NOVA ultramicrotome (LKB, Stockholm, Sweden) as previously described [18] . Every second section was stained with toluidine blue and evaluated by brightfield microscopy. Selected sections were covered with liquid emulsion (Ilford K2; Ilford, Brønshøj, Denmark), exposed at 4ЊC in the dark for 1 wk (mouse) or 2 wk (cow and marmoset), and subsequently developed (D-19; Kodak Pathé, Paris, France), fixed (Kodak ID-19; Kodak Pathé) and stained with toluidine blue and digitally photographed. As a negative control, slides without semithin sections were processed under identical conditions as those containing sections. As a positive control, slides were exposed to light. Autoradiographic labeling was counted visually in the four subcellular compartments of each denuded oocyte: nucleus, cytoplasm, plasma membrane (defined as a zone of two times the average grain size of 1 m), and zona pellucida and normalized to grains per 100 m 2 . In total, approximately 25% of each oocyte was counted.
Selected semithin sections of cow oocytes were re-embedded and ultrathin sectioned (80 nm), contrasted with uranyl acetate and lead citrate for TEM as previously described [18] . For TEM autoradiography the sections were covered by a thin carbon membrane and photographic emulsion (L4; Ilford, Limited Moberly Cheshire, England). After 6 wk of exposure at 4ЊC, the sections were developed (Kodak D19), fixed (30% Na-thiosulphate, pentahydrat, Merck 6516; Darmstadt, Germany), and evaluated by TEM (Philips, CM 100). The center of each grain was found by drawing a circle enclosing the whole grain and the distance from the center to the nearest membrane structure was measured. In three COCs from each treatment group, five randomly selected areas covering a total area of 2429 m 2 were analyzed. Grain density as a function of the distance to a membrane structure was calculated in each subcellular compartment of the oocyte. The area of the oolemma was calculated as the area of the perivitelline space including folded microvilli and plasma membrane. In a few cases, where oolemma and cumulus cells were in the same plane of a section, the grains were allocated to the respective subcellular compartments containing the membrane closest to the grain. However, this was judged to have only a minor effect on the calculations.
Statistical Analysis
For statistical analysis of grain density in LM autoradiograms the software program, Instat2 (GraphPad Software, Inc., San Diego, CA) was used. The data were subjected to square root transformation and statistically compared by Student's t-test. A P value of Ͻ 0.05 was considered statistically significant.
RESULTS
In this study the relative labeling density was analyzed in oocytes treated with [ 3 H]FF-MAS and [ 3 H]FF-MAS plus excessive amounts of unlabeled FF-MAS, respectively. The data presented here should be compared only within each species because different exposure times between species were used, and because differences in oocyte morphology between the species may have influenced the labeling density.
In denuded oocytes, autoradiographic labeling of istic pattern in oocytes from all three species (Fig. 2) . The highest density of [ 3 H]FF-MAS binding was found at the oolemma and in the zona pellucida (Table 1) . In these compartments a significant reduction in labeling density was observed when the binding was competitively inhibited with excessive amounts of unlabeled FF-MAS. In the cytoplasm the density of [ 3 H]FF-MAS was notably lower than in the zona pellucida and oolemma. However, again the [ 3 H]FF-MAS density was significantly reduced in the presence of excessive amounts of unlabeled FF-MAS (Table 1) . In the nucleus, the binding of [ 3 H]FF-MAS was scarce and the labeling density was not significantly influenced by competitive inhibition by excess unlabeled FF-MAS (Table  1 ). Binding of [ 3 H]cholesterol to denuded mouse oocytes was very low and the density of cholesterol binding was not affected by the presence of excessive amounts of unlabeled FF-MAS in any of the subcellular compartments ( Fig. 3 and Table 1 ).
In COCs of all three species, no general distribution pattern of [ 3 H]FF-MAS was observed and no apparent difference was observed in the presence of excess of unlabeled FF-MAS. In a fraction of the COCs autoradiographic labeling was seen throughout the COC, except in the nucleus ( Fig. 4 ; only COCs from marmosets are shown). The labeling density appeared to be influenced by the thickness of the cumulus cell investment of the oocyte (Fig. 5, a and  b) . In oocytes that were only partly enclosed by cumulus cells, a more intense [ 3 H]FF-MAS labeling was found where the cumulus cells were lacking compared with the area of cumulus cell investments (Fig. 5c ). Due to this inconsistent pattern the autoradiographic labeling of [ 3 H]FF-MAS was not quantified in these oocytes.
In TEM autoradiograms of cow oocytes (Figs. 6 and 7), we examined whether the localization of [ 3 H]FF-MAS was related to the distance to the oolemma or to the plasma membrane of cumulus cell projections in the zona pellucida, or in the cytoplasm, to other unspecified membrane structures. Because of the uneven distribution of cumulus cell remnants in zona pellucida, the zona pellucida was divided into an inner 5/6 portion and an outer 1/6 portion. TEM autoradiography demonstrated that specific [ 3 H]FF-MAS binding was present at the oolemma of denuded cow oocytes as illustrated by a steep slope on the curve for the grain distance to this cellular compartment (Fig. 8) . In the cytoplasm and in the inner 5/6 of zona pellucida no clear spatial relationship to membrane structures was demonstrated (i.e., no slope was observed on the curves for the grain distances to these compartments; Fig. 7 ). In the outer 1/6 of zona pellucida, where cumulus cell remnants are most abundant, a low level of binding was observed as illustrated by a moderate slope on the curve (Fig. 7 ).
DISCUSSION
We demonstrate here that specific binding of [ 3 H]FF-MAS is predominant at the oolemma of denuded oocytes. We also show that the distribution pattern of [ 3 H]FF-MAS binding sites are similar in denuded oocytes from mice, cattle, and marmosets, suggesting a general role of endogenous FF-MAS in the resumption of oocyte meiosis in mammals.
The mechanism by which FF-MAS triggers prophase oocytes to resume meiosis is largely unknown. The high affinity of [ 3 H]FF-MAS to the oolemma demonstrated by TEM autoradiography of cow oocytes is in accordance with the LM autoradiography data and supports the existence of a plasma membrane-associated receptor for FF-MAS. This is supported by an earlier finding, that FF-MAS signaling is sensitive to cholera toxin [19] , an inhibitor known to target membrane associated G-proteins. We found that the labeling density of [ 3 H]FF-MAS in the nucleus was scarce. So far, it has not been possible to demonstrate the involvement of a nuclear receptor in FF-MAS-mediated resumption of meiosis [13] in spite of the chemical and physical similarities between FF-MAS and steroid hormones (e.g., estradiol). This corresponds well with our earlier observations that transcription is not required in FF-MAS signaling in mouse oocytes [19] . Although the results in this study support the existence of a plasma membrane-associated receptor for FF-MAS, it cannot be excluded that FF-MAS at the same time or at a later stage during meiosis affects gene expression in the oocyte. In amphibians, in which resumption of meiosis can be triggered by progesterone, high-affinity binding of progesterone to the plasma membrane and cytosol has been demonstrated [20, 21] . The specific binding of [ 3 H]FF-MAS found in the cytoplasm by LM autoradiography may be explained by the existence of a binding protein in the cytosol, similar to that demonstrated in amphibian oocytes. Alternatively, the LM autoradiography data may be interpreted as a result of plasma membrane receptors being associated with the endosomal traffic.
In TEM autoradiography, the high level of specific binding of [ 3 H]FF-MAS to the oolemma was similar to the LM autoradiography data. However, the data on the cytoplasm are somewhat contradictory because in TEM autoradiography no affinity to any cytosolic membrane structures was demonstrated. No binding of [ 3 H]FF-MAS was demonstrated in the inner part of zona pellucida in contrast to the LM data, when grain density was calculated as a function of the distance to a membrane structure. The stronger autoradiographic labeling present in the outer portion of zona pellucida, where cumulus cell remnants are more abundant, most likely represents a low level of binding of [ 3 H]FF-MAS to cumulus cell plasma membranes, because the labeling density was moderately influenced by competitive inhibition with unlabeled FF-MAS. The discrepancy in [ 3 H]FF-MAS binding densities between TEM autoradiography and LM autoradiography can probably to some extent be explained by the poorer spatial resolution in the latter.
Byskov et al. [11, 22] suggested that endogenous MAS is a heat-stable and diffusible substance produced in the cumulus cells and transferred to the oocyte in vivo in a paracrine fashion. Our data support the hypothesis that FF-MAS is transferred to the oocyte in a paracrine fashion, because our TEM data demonstrated only a low level of binding of [ 3 H]FF-MAS to the cumulus cell remnants and a high level of binding to the oolemma. Alternatively, if FF-MAS is transferred to the oocyte through gap junctions, no meiosis-inducing effect on denuded oocytes would be expected because the gap junctional cell communication is presumably disrupted in the denuded oocyte to maintain the integrity of the oocyte. However, if FF-MAS was transferred through the gap junctions to the oocyte in a free form, FF-MAS would probably be washed out during the preparation of the specimen.
Albumin is a prerequisite for the in vitro meiosis-activating effect of FF-MAS (unpublished data). If FF-MAS utilizes a paracrine transfer system, the role of albumin is possibly to increase the solubility of the lipophilic FF-MAS in order to facilitate the transfer through the zona pellucida and the perivitelline space to the putative receptor localized in association with the oolemma or the cytoplasm. The pattern of [ 3 H]FF-MAS labeling in COCs deviates considerably from that in denuded oocytes, where intense labeling was localized at the oolemma. We found no consistency in the autoradiographic labeling of the COCs, which, however, appeared to be influenced by the thickness of the layer of cumulus cells surrounding the oocyte. In oocytes that were only partly enclosed by cumulus cells, a more intense [ 3 H]FF-MAS labeling was found at the cumulus cell-free part of the COC compared with the area of cumulus cell investments. Furthermore, in oocytes with a thick cumulus investment there appeared to be a decreasing gradient of labeling density from the outer cumulus cells toward the zona pellucida. The lack of labeling of the COC's oolemma compared with the oolemma of denuded oocytes may be explained by the presence of endogenous FF-MAS in the oocyte originating from the cumulus cells inhibiting the binding of [ 3 H]FF-MAS. At the same time, the thick layer of cumulus cells surrounding the oocyte appeared to function as a barrier to the exogenous FF-MAS under in vitro conditions, thereby suppressing the access of H 3 -labeled FF-MAS to the oocyte. This is in accordance with an earlier study showing that COCs are less responsive to FF-MAS than denuded oocytes [13] .
It can be speculated that FF-MAS is the physiological stimulus that triggers meiosis in the mammalian oocyte, whereas in amphibians and some lower vertebrates, progesterone or related steroids are the effectors [23] [24] [25] . FF-MAS-mediated resumption of meiosis in mammalian oocytes and that of progesterone in amphibian oocytes have some characteristics in common such as high sensitivity to elevated intracellular levels of cAMP, protein synthesis inhibitors, and cholera toxin [19, [26] [27] [28] .
In conclusion, specific binding of FF-MAS to the oolemma of denuded oocytes was found, suggesting the existence of a plasma membrane-associated molecule with affinity for FF-MAS (i.e., a putative FF-MAS receptor in the mammalian oocytes).
